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Abstract:  Portable water-filled barriers (PWFB) are roadside structures used to separate moving traffic from 
work-zones.  Numerical PWFB modelling is preferred in the design stages prior to actual testing. This paper 
aims to study the fluid-structure interaction of PWFB under vehicular impact using several methods. The 
strategy to treat water as non-structural mass was proposed and the errors were investigated. It was found that 
water can be treated with the FEA-NSM model for velocities higher than 80kmh-1. However, full SPH/FEA 
model is still the best treatment for water and necessary for lower impact velocities. The findings in this paper 
can be used as guidelines for modelling and designing PWFB. 
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1. INTRODUCTION 
Portable water-filled barriers (PWFBs) are temporary roadside appurtenances used to keep errant vehicles from 
penetrating into impermanent work zones on roadways. These barriers are in the semi-rigid group of roadside 
barriers. Unfilled PWFB are lightweight and easy to be transported and moved. Once an array of road barriers is 
assembled, they are filled with water to keep them stationary.  However, there are no standards or recommended 
level of water inside PWFB. Existing water-filled road barriers weigh less than 70 kg when empty and can be 
filled up to 600 kg of water [1, 2].With water inside the barriers, PWFB has the potential to display good crash 
attenuation characteristics at low to moderate impact speeds.  
Road safety barriers need to undergo strict governmental testing before they are allowed to be used on 
roadways. With recent changes in the road safety standards [3, 4], current barriers may not conform to these new 
sets of requirements. Full scale vehicle-barrier tests are very costly (up to $25,000 a test) [5] and only the impact 
reaction of the barriers and vehicles are obtained as outputs of normal tests.  Hence, researchers and road barrier 
designers opted to utilise numerical simulations at design stages prior to testing involving actual vehicles.  
Finite Element Analysis (FEA) is widely used in the scientific community due to its low cost and tremendous 
benefit which enable researchers and designers to make better design decisions. Most research regarding road 
safety barriers involves barrier with homogenous material properties such as concrete barriers [6-8] and steel 
barriers [9-11]. Modelling a PWFB system presents a challenge due to the fact that the flexible, plastic barrier 
model involves solid and fluid sections.  Jiang et al.[12, 13] used multi-body system to model the impact 
response of a 30m length PWFB system via MADYMO. However, the sloshing effects of water were not 
accurately documented nor visualized in the model due to fluid being assumed as a solid rigid body in the 
hollow container. From Jiang’s model, it is evident that FEA is efficient at solving high speed impact problems 
to analyse PWFB. However, the rapid fluid motion created by water poses a challenge in elemental 
discretisation and contact modelling due to complexities caused as the problem size increase.  This outlines the 
need for further studies to explore more effective numerical models to treat this problem.  
In recent years, to overcome the shortcomings of the FEM, a group of meshless methods has been proposed. In 
addition, the coupling method between the mesh-less methods and FEA has also been developed to take full 
advantages of both methods[14, 15].Smoothed Particles Hydrodynamics (SPH) is a meshless computational 
Lagrangian hydrodynamic particle method. This method originated approximately 40 years ago when it was 
used to model astrophysical phenomena without boundaries [16, 17]. It has been used in many fields of research 
including astrophysics, ballistics, solid mechanics and oceanography [18-21]. Furthermore, SPH is a suitable 
alternative to FEA for the study of the dynamics of a continuum under large distortions particularly in Hyper-
Velocity Impact and Magneto Hydro Dynamic problems [22, 23].  
SPH is based on interpolation theory by utilising kernel approximation and particles approximation respectively. 
The conservation laws of continuum dynamics in the form of partial differential equations are transformed into 
integral equations through the use of an interpolation function for kernel estimation. This method of modelling 
makes use of particles as the frame for interpolation and as carriers of material properties i.e. mass, density, 
constitutive laws. The particles are not directly connected to one another but rely on the smoothing length to 
“smooth” their properties by a kernel function through the Conservation Laws [17]. Modern explicit analysis 
codes such as LS-Dyna have integrated SPH solvers formulation within its solvers with a variable value of 
smoothing length in line with the Conservation of Mass. The main features of SPH were extensively described 
by Liu [21, 24], Monaghan [25] and Benz [26].  
SPH is one of the most matured forms of meshless particles method available. However, it still suffers from the 
implementation of sharp boundary conditions. This causes difficulty in implementing well-defined domain 
conditions for fluids in fluid-structure interaction. Efforts have been made to treat the fringe conditions by 
coupling it with FEA [27-29]. This method achieved some success [30-33] but is susceptible to particle 
penetrations at higher velocities due to large pressures at the interface region.  Other methods to create boundary 
conditions such as the use of ghost particles[21] or boundary transition region technique[34-36] are available to 
treat the interface region of SPH/FEA but were not used in this research. The use of FEA as a boundary presents 
inconsistency problems at the interface region between the two methods. Another limitation that plagued the 
SPH method is the tensile instability of the particle model which involves a numerical collapse of the continuum 
under tension. Considering tensile instability particularly occurring in solid material problems, an issue –even if 
it exists, is not very evident for SPH pertaining to the research in this paper.  
The aim of this paper is to study the fluid-structure interaction of water inside road safety barriers using coupled 
SPH/FEA with non-structural mass (NSM). A numerical model based on a validated model was developed and 
analysed under several impact parameters. To improve the computational efficiency, the model treating water as 
a NSM is proposed to substitute the coupled SPH/FEA method. Coupled SPH/FEA will take advantage of 
boundaries created by FEA elements with high distortion capability of meshless particles in order to accurately 
model water in PWFB application.  
NSM are additional mass spread by an area weighted distribution to a given section in the model. In this option, 
the mass can be artificially added either via nodes or parts in the model. The input would be the desired 
additional mass assigned on chosen node sets or parts. NSM allows the mass of the water to be added without 
generating specific elements to represent the fluid; as long as fluid-structure interaction is not of major interest 
in the study. NSM equal to the mass of water were applied to adjacent non-impacted road barriers. The time-
step of elements are not affected by the addition of NSM. Later on, the mass of water in all the road barriers 
were substituted with NSM. This model is defined as FEA-NSM method and impact analysis results were 
compared with FEA/SPH/NSM model. Computational resources were efficiently managed without the focus on 
fluid-structure interactions in FEA-NSM model. This technique to model the water as an applied lumped mass 
on deformable road barrier has not been investigated.  
The errors associated with substituting water with NSM for fluid-structure interaction is determined by 
analysing the kinetic energy and lateral displacement of the barrier in this research. The effect of placing NSM 
in the barrier instead of fluid-structure interaction was observed. Then, the advantages and drawbacks of NSM 
with respect to computational time and the cost-benefit involved in its application are reported.  By omitting 
coupled SPH/FEA from the model, computational efficiency can be increased. Consequently, efficient 
computational usage will improve solution time involving problems with size as massive as a full scale vehicle-
barrier impact model.     
2. OVERVIEW OF SPH COUPLING 
The SPH method is based on an interpolation technique in which any physical field f(x) to be approximated by a 
smoothed value 〈𝑓(𝑥)〉  
 𝑓(𝑥) = � 𝑓(?⃗?′)𝑊(?⃗? − ?⃗?′, ℎ)𝑑?⃗?′
𝛺
 (1) 
With f as a function of position vector x defined in the domain Ω. The kernel function 𝑊(?⃗? − ?⃗?′, ℎ)  is centred 
at point x and is a function of position. The range of domain where W is non-zero is controlled by the smoothing 
length, h. The function W is usually chosen to be an even function that satisfies the normalization condition, 
delta function property and the compact condition which are outlined in eqns. (2-4).  
Normalization 
condition 
� 𝑊(?⃗? − ?⃗?′, ℎ)dx′ = 1
𝛺
 (2) 
Delta function 
property condition 
lim
ℎ→0
𝑊(?⃗? − ?⃗?′, ℎ) = 𝛿(𝑥 − 𝑥′) 
(3) 
Compact condition 𝑊(?⃗? − ?⃗?′, ℎ) = 0 𝑤ℎ𝑒𝑛 |𝑥 − 𝑥′| > 𝜅ℎ; (4) 
𝜅 is a constant to the smoothing function, the kernel approximation consists of integrating the multiplication of 
an arbitrary function and smoothing kernel function. The integral represents an approximation by summing up 
values of all the neighbouring particles. The most commonly used form of the kernel function is the cubic B-
Spline kernel which is 
 𝑊(𝑅, ℎ) = 32𝜋ℎ3 ×
⎩
⎪
⎨
⎪
⎧
23 − 𝑅2 + 12𝑅3, 0 ≤ 𝑅 < 1,16 (2 − 𝑅)3,                1 ≤ 𝑅 < 2,          0,                                𝑅 ≥ 2  (5) 
with 𝑊(𝑥 − 𝑥′, ℎ) = 𝑊(𝑅, ℎ) 
Thus the gradient of function f can be approximated by using Eqn (1) via integration of parts and the compact 
support of the kernel allows the surface terms to be discarded.  
 〈∇𝑓(𝑥)〉 = � 𝑓(?⃗?′)∇𝑊(?⃗? − ?⃗?′, ℎ)𝑑?⃗?′
𝛺
 (6) 
The continuous integral is then transposed to a discrete approximation for the case where physical field is 
known at a set of discrete SPH particles.  
  〈∇𝑓(𝑥)〉𝑖 = �𝑉𝑗𝑓(?⃗?′)∇𝑊(?⃗? − ?⃗?′, ℎ),N
j=1
 (7) 
Vj denotes the volume of given particle j. The particles are considered as nodes, thus each nodes represents a 
material. The field values of density and pressure are known at the particle which moves with the material. This 
allows a set of particles within the support particle i to change enabling large deformation to be visualized 
without issues. Then, applying the process to the momentum equation of continuum mechanics allows the SPH 
derivation of the momentum equation. 
 
𝑑𝑣𝑖
𝑑𝑡
= −�𝑚𝑗 �𝑃𝑖𝜌𝑖2 + 𝑃𝑗𝜌𝑗2� ∆𝑖𝑊𝑖𝑗𝑗  (8) 
Where 𝑃𝑖   and ρ i are the pressure and density respectively of particle i and 𝑃𝑗 and ρ j  are the pressure and density 
of the particle considered at j. The application of common SPH form of the momentum equation causes the 
boundaries to be difficult to define. This is because each particle is its own centre of sub-domain with radius 2h 
which causes the boundary to diffuse over this length. To circumvent the need to create a surface geometry 
using SPH particles, a contact potential, 𝜑𝑥based on the kernel function is used [29]. The function is defined as  
 𝜑𝑥(𝑥𝑖) = � 𝐾
Ω𝑐
�
𝑊(𝑥𝑖 − 𝑥𝑗 , ℎ)
𝑊(ℎ𝑎𝑣𝑔) �𝑛 d𝑉 (9) 
xi and xj are the coordinates of two particles in different bodies, ℎ𝑎𝑣𝑔 is the average value of h of the two 
considered particles. K and n are user defined parameters which control the shape and magnitude of the 
potential. The discrete form of this contact potential is derived and used to define the contact force, 𝑓𝑐: 
 𝑓𝑐(𝑥𝑖) = 𝑚𝑖𝜌𝑖 �𝑚𝑗𝜌𝑗
𝑗
𝐾𝑛 �
𝑊(𝑥𝑖 − 𝑥𝑗 , ℎ)
𝑊(ℎ𝑎𝑣𝑔)𝑛 �𝑛−1 ∇W(𝑥𝑖 − 𝑥𝑗 , ℎ) (10) 
The addition of these force vectors is sufficient to the contribution of the internal and external force in the 
momentum equations of the FEA and SPH solvers [29]. The contact force is applied between SPH particle and 
FEA nodes which lies within 2h of considered particle [29].   
3. MODEL OF ROAD SAFETY BARRIER 
The numerical model was developed using the commercially available software MSc Patran™ and solved in 
LS-Dyna3D©. A model of three plastic road barriers, aligned together is generated for SPH/FEA full modelling. 
The SPH particles for filled water are located inside a hollow road safety barrier modelled using shell elements 
as depicted in Figure 1(ii). Different height of water can be obtained by specifying (relative to the volume of 
shell enclosure) the percentage fill level during the particle generation phase. Overall, the model consisted of 
shell elements, solid elements and SPH particles.  
 
(i) 
 
Figure 1: (i) CAD Model of Centurion 2M PWFB; (ii) FE Model of Centurion 2M barriers 
This research worked closely with the industry to improve road barrier products. The model of the barrier was 
modelled after Centurion 2M Zone Barrier [37] as shown in Figure 1(i). The road barrier was manufactured by 
rotational-moulding process of Medium Density Polyethylene (MDPE). In general the barrier has a rectangular 
base with 145mm height. The main body has a slanted 12° angle onwards as per designed by the manufacturer 
for ease of storage. The variations caused by manufacturing yields an average thickness of 5mm. The barrier’s 
overall dimensions were: 2000mm (L), 890mm (H), and 590mm (W). Retailers of Centurion 2M claimed that it 
suited the criteria of NCHRP 350 TL-1 [38]. Though it can be filled up to 600kg of water, recommended water 
level is only up to 225kg [37]. The model of the barrier system consisted of three assembled barriers in a row 
which is generated using 47,581 shell elements with 20mm edge. Each road barrier consists of two separate 
parts (main body & joint mechanism). The main body is the central section of the barrier which is subjected to 
impact. In addition, the joint mechanism connects the barrier to adjacent ones. Detailed FE modelling of the 
joint mechanism was carried out to connect the barriers. Similar to the real world, the joints consist of two 
female-male joints at each end which fastened to adjacent joint. The male joint is 60mm in diameter with height 
of 60mm. The female joints consist of 80mm diameter hole with a 75mm depth. This gives a 10mm gap 
between the joints after assembly.   Furthermore, the addition of joints causes the main body of barriers 150mm 
separation between the main bodies of adjacent barriers. The gap causes delayed response of the PWFB as a 
system. The original geometry of the barrier was further simplified in order to build a regular mesh that allowed 
focus on the interaction between structure and the fluid inside the tank. Small grooves and edges that exist on 
the surface of the barrier were not modelled to simplify the model. These grooves were placed to avoid long 
continuous section on the barrier which contributed to unwanted warping during cooling after fabrication of the 
barrier hence it was not modelled.  
The Belytschko-Tsay [39] single integration-point shell formulation was used with volume and stiffness based 
hourglass control element formulation. The material model of Gover [32] based on recommendation of Lobo 
[40] and LS-Dyna [41] was applied in this study. This element model is suitable to model materials that exhibit 
indistinguishable elastic-plastic regions. It is used to handle complex behaviour of ductile-brittle transitions 
where failure strains can vary anywhere between 100% and 10% depending on the polymers [40].  The material 
model, known in LS-Dyna as MAT_89 follows closely the formulation of the commonly used MAT_24 model in 
the treatment of plasticity. MAT_24 divides the response of material into linear and non-linear components.  The 
linear response follows a linear relationship defined by a specified Young’s Modulus and limited by the yield 
stress. Once an element goes over the set yield stress point, the material behaviour enters the elastic-plastic 
region. This region is governed either by the Cowper-Symonds yield scaling method or a definition of true-
stress-strain plots over multiple strain rates.  Element failure is achieved via the specification of plastic strain for 
material failure. 
Unlike MAT_24, MAT_89 enables the specification of entire true stress-true strain profile rather than breaking 
up the data into elastic and plastic regions. This ensures that the initial non-linear elastic response of the polymer 
is simulated. Elastic or plastic deformation is determined in the model based on the local modulus of the 
specified stress-strain data. The slope of the curve is internally checked by LS-Dyna. The model is considered to 
have yielded if the tangent slope is less than the specified Young’s modulus. In the elastic-plastic region, the 
(ii) SPH particles Impact head 
Array of PWFBs  
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yield stress vs. strain rates was used to model the rate-dependency rather than the Cowper-Symonds equations. 
Scaling of the stress-strain curve was more beneficial as it allows the model to be applied at higher strain rates.  
Implementation of this element model is specific to the PWFB. Specimens were obtained from various locations 
of a dismantled PWFB. Laboratory tensile test of samples at rates of 20, 200 and 500 mm/min were conducted 
in accordance with ASTM D638 Standards [42]. True-stress vs. true strain relationship of the material was 
formulated from the tensile test. Then, the true-stress vs. true strain curve for MDPE (Figure 2) and the yield 
stress-strain rate dependency (Figure 3) were exported to MAT_89 in LS-Dyna.  Furthermore, Gover reported 
that the material model exhibited erratic and unstable behaviour at the onset of plasticity in the model. He 
attributed it to the nature of explicit FEM where high frequency resulted from small variation at the node. 
However, Gover judged that these oscillations have little effect on the response of element during impact 
simulations. Thus, a simple low-pass filter option was available and successfully employed to treat high 
frequency oscillations from the strain rates prior to their use in rate effect calculations. The material properties 
of MDPE are outlined in Table 1. 
 
Figure 2: True-stress vs. true strain of MDPE 
 
Figure 3: scale of yield stress over strain rate 
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Table 1: Properties of MDPE 
Material Density (kgm-3) Poisson Ratio Yield Stress (MPa) Young’s Modulus (MPa) 
MDPE 948.0 0.40 10.8 312.0 
The impact head used in the experiment was modelled as a rigid impact head. The head replicates the front 
bumper of a car with a height of 400mm relative to the ground. Rigid material properties were assigned to the 
head with 300kg mass. The impact of the head was set at 25° angle in conjunction with the impact parameter 
outlined in current standards for safety structure evaluations [43].  
Joining mechanism of the barriers was achieved by pin-hole connecter similar to real PWFB. The pin-joint 
section was fixed to the main body by tying overlapping nodes of the joining parts onto a common surface. 
Tying intersecting nodes ensures the two parts remained attached. Contacts at the surface joints between road 
barriers follow the standard penalty methods in explicit program codes which are the most generally used 
interface algorithms. This contact method places normal interface springs between all penetrating nodes and the 
contact surface. The algorithm applies an interface force between slave nodes and their contact point whenever 
penetration is detected. The surfaces between the joints of adjacent barriers are smooth (polymer to polymer) 
hence friction between them was negligible. Besides that, contacts between the ground and the road barriers 
shared the same contact formulation as earlier discussed but friction coefficient between the ground and the 
barriers was set to 0.3; based on the findings of Shane [44].  
3.1 Interface of the Coupled SPH/FEA for Fluid-Structure Interaction 
The relative ease to generate SPH/FEA full model is possible because SPH formulation is integrated in LS-Dyna 
solver. The application of SPH/FEA full model in road safety barriers presents several advantages as well as 
drawbacks. The stability of SPH/FEA full model featured in road safety barriers is dependent on the impact 
speeds and number of particles being used in the model. Generating SPH particles by volume fill enable 
particles to be generated onto complex geometrical structures such as water-filled barriers. However, the need to 
specify arbitrary gap between the interacting elements and particles causes irregular placement of particles due 
to the initial gap that is not the same as the specified distance of particles in all axial direction. On the other 
hand, the construction of solid elements to fill the hollow body as a medium to create SPH particles is a more 
efficient option. This creates a genuinely consistent length between each particles as well as consistent distance 
between particles and FEA elements. This method of SPH particle generation was used by Anghileri et al. [30] 
to study helicopter fuel tank impact with the ground.  
The rather complex geometrical design of the Centurion Zone Barrier means that FE model is produced prior to 
SPH particles generation in this study. Afterwards, the particles were generated by filling the hollow volumetric 
section of the FE model. SPH particle generation creates free surface for two-phase interacting fluids directly 
because particles represent water and empty space represents the air inside the hollow container. Generated 
elements are used efficiently in the system and rapid water sloshing is visualized in the model. An arbitrary gap 
between SPH and the membrane has to be specified to avoid initial interpenetrations during solution. 
Interpenetration occurs when the slave nodes i.e. SPH particle is detected to be too near to or overlapped the 
length of projection vector of the membrane shell thickness. The farther the distance between SPH particles and 
the FEA elements, the more stable the calculation of SPH/FEA will be. This in turn reduces the probability of 
SPH particles going outside of the specified boundary set by the FE mesh. However, a large gap at the interface 
leaves a significant lag response of the water to the impact which delays the energy transfer between the shell 
elements and SPH particles inside the enclosure. The tolerance distance for penetration distance can be altered 
to ignore initial interpenetrations but the default value is used in this analysis.  The authors found that the 
minimum gap that can be allowed is one half of the shell element thickness [45]. This confirms findings from 
Campbell et.al. [27] [46]with regards to the distance between the elements and particles in coupling.   
During impact, water interacts with the solid structure of the barrier’s membrane. Fluid-structure interaction is 
defined by the penalty method algorithm with soft constraint penalty formulation. The contact is somewhat 
similar to contact defined between adjoining barriers but additional treatment is required as it involves two 
materials with largely different stiffness values. Soft material such as water lowers the stiffness values in the 
slave nodes causing disproportionate penetrations in the model. SPH particles are considered slave nodes 
interacting with the surface nodes of the FE mesh. Therefore, in addition to the master and slave contact 
stiffness, an extra stiffness value according to Courant’s criterion is calculated based on the stability of the local 
system of two masses connected by a spring [47]. The stability contact stiffness kcs as function of time is 
defined as: 
  𝑘𝑐𝑠(𝑡) = 0.5 ∙ 𝑆𝐹 ∙ 𝑚∗ ∙ � 1∆𝑡𝑐(𝑡)� (11) 
SF is the scale factor for the Soft Constraint Penalty Formulation and set to the default value (0.1), m* is a 
function of the mass of the slave node and the master nodes computed internally by LS-Dyna solver.  ∆𝑡𝑐 is set 
to the initial solution time-step. If the solution time-step increases, unstable behaviour is averted by resetting ∆𝑡𝑐 
to the current time-step. Interaction between water and shell of the barrier occurs throughout the barriers 
segments. However, modelling water inside each barrier can be computationally exhaustive. Maximum sloshing 
is inferred inside the main impacted barrier while the adjacent barrier provides inertial resistance. Therefore, 
SPH particles were generated only in the centre barrier. 
3.2 Fluid Formulation of Water 
Fluid section of the barrier comprises of SPH particles. The large distortions due to rapid sloshing are unable to 
be obtained using FEA alone. Thus, particles were introduced as a fluid domain to visualize mesh deformations. 
The Navier-Stokes equation is the foundation to fluid mechanics. To model water, the Navier-Stokes theorem 
governing the general hydrodynamics is employed through SPH formulation encoded within LS-Dyna. Fluid 
particle approximation with normalization formulation was chosen as the particle approximation formulation 
because water is represent by the particles.  
Under the conditions of impact, the sloshing of water can be deemed incompressible. The SPH solver used 
assumes that all materials are compressible hence bulk stiffness is defined by an Equation of State (EOS). The 
use of EOS was invoked to describe the properties of water in the road barrier. Because water is a commonly 
used fluid, the constants in the EOS for water are widely available in the literature [21, 48]. The Mie-Grunesien 
equation of state for fluid pressure takes the form of Equation (12) during compression and Equation (13) during 
expansion i.e 
 𝑝 = 𝜌0𝐶2𝜇 �1 + �1 − 𝛾02 � 𝜇 − 𝛼2 𝜇2�
�1 − (𝑆1 − 1)𝜇 − 𝑆2 𝜇2𝜇 + 1 − 𝑆3 𝜇3(𝜇 + 1)2� + (𝛾0 + 𝛼𝜇)𝐸 (12) 
 𝑝 = 𝜌0𝐶2𝜇 + (𝛾0 + 𝛼𝜇)𝐸 (13) 
The Mie-Grunesien EOS models the water as a compressible fluid by using cubic shock velocity and fluid 
particle velocity to determine the pressure of compressed and expanded water. In both equations (12) and (13) 
above, µ is defined as (η-1) where η is the ratio of the densities before and after the impact, ρ0 is the material 
density, C is the bulk speed of sound, γ0 is the Grunesien gamma coefficient at the reference state, α is the first 
order of volume correction to γ0.  S1, S2, S3 are the coefficient slopes in a linear Hugoniot line of the shock 
wave velocity slope and E is the internal energy per unit volume. The Mie-Grunesien EOS option in LS DYNA 
was used to input C, S1, S2, S3, γ0, α which are user defined parameters.  In the initial setup of the simulations, 
the density was added in particle generation and material properties section while the remainder were input in 
the EOS section of LS-Prepost. The parameters for the EOS were taken from Steinberg’s [49] experimental data 
and are listed in Table 2.  
Table 2: Material parameters and coefficients in the EOS for water 
Symbol Meaning Value 
ρ0 Initial density 1000 kg/m3 
C Speed of sound 1480 m/s2 
γ0 Grunesien gamma coefficient 0.5 
α Volume correction coefficient 0 
S1 Fitting coefficient 2.56 
S2 Fitting coefficient 1.986 
S3 Fitting coefficient 1.2268 
To study the different parameters that affect contact at the interface of SPH and FEM, parametric impact 
simulations were done with several varied parameters. Figure 4 describes the interface at the boundary of 
SPH/FEA full model. Three particle nodes and three shell elements are depicted in Figure 4. Each particle 
represents the volumetric spatial area it incorporates.   
Firstly, the shell mesh thickness was varied to see the effect it has on the contact response of the barrier subject 
to impact. The thickness values were decreased from its initial thickness without specifying any distance 
between particles and elements. Varying the thickness affects the projected contact surface at the boundary. 
Secondly, the space on the interface of the SPH/FEA full model region was varied to determine the effect of size 
of space in relation to contact consistency. The initial distance between particles and meshed elements was 
varied by setting a specific distance during the SPH particles generation phase. 
The barrier fill level was set constant at 50%. With initial particle distance of 25mm between particles, it takes 
27,124 particles to half-fill the barrier with water. The impact head had an initial velocity of 8ms-1 in a single 
direction of impact. The penetration occurrences and calculation duration of the SPH particles at different 
clearance gaps and shell thicknesses were extracted.  
 
Figure 4: Interface region of coupled SPH/FEA 
Varying the shell thickness causes contact failure to occur. This is evident when the number of particles 
penetrating the barrier increased with thinner membrane thickness. This is attributed to the stiffness of the shell 
that causes the disproportionate penetrations in the model. Varying the thickness changes the boundary vector of 
the projected contact surface in the region. The coupling of both methods depends on the ability of particles and 
elements to ‘detect’ each other during computation. This factor relies on the projected contact surface and the 
smoothing length. A particle will only detect boundary nodes which fall within its sphere of influence set by the 
smoothing length.  On the other hand, changing the spatial gap at the boundary leads to stable results during 
initial stages of impact. Less penetration is reported because the spatial gap between FEA elements and SPH 
particles is wide enough for stable calculation. However, a large enough gap will leave a lag in energy 
transmission at the boundary. This is due to the fact that the elements will need to traverse additional space 
before interacting with SPH particles. Slower response in SPH/FEA full model means more energy will be 
absorbed by the meshed elements leading to elevated levels of recorded stress in FEA. Overall, the interface 
region is a very important section in fluid structure interaction. The boundary region is susceptible to 
inconsistent penetration occurrences. Various treatments to counter the penetrations are available such as lower 
time-step, bulk viscosity and dynamic relaxation of the model but at the compromise of longer computation 
duration.   
3.3 FE Model Validation & Comparison 
The best approach in the study of numerical simulation is to validate the model with results from laboratory 
experiments. In early 2013, at QUT Banyo Pilot Plant Precinct (PPP) of Queensland University of Technology, 
an intensive program to test plastic road safety barrier was performed. One of such test involves the impact of 
PWFB by a horizontal impact head. The road barriers were impacted with 6ms-1 velocity at 55°. Water was 
filled to 200kg. Barrier A and Barrier B shown in Figure 1(ii) was designated for validation of the FE model. 
Barrier A denotes the centre barrier which was impacted. Next, Barrier B represents the upstream barrier 
adjacent to the impacted Barrier A. The event was captured by a high speed camera fixed overlooking the 
impact 100cm atop of the region of interest. No failure of the shell was observed during testing. Subsequently, 
video analysis was use to obtain the lateral displacement-time relationship of the road barriers. The lateral 
displacement of respective road barriers was plotted by determining the location of an arbitrary point-of-interest 
on the road barrier at each time frame across the entire captured sequence of the event.  
 
Figure 5: Comparison of lateral displacement of validated impact model of Barrier A 
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 Figure 6: Comparison of lateral displacement of validated impact model of Barrier B 
Three methods to model water in the road barriers were probed. They were i) SPH/FEA full model ii) Solid 
water model and iii) FEA-NSM model. All the models were executed under similar impact parameters as the 
experiments. The lateral displacement of Barrier A and Barrier B from each model were compared against 
obtained experimental results. The lateral displacement-time relationship of Barrier A and Barrier B are shown 
in Figure 5 and Figure 6. It can be seen that the SPH/FEA full model yields the best correlation with 
experimental results in both barriers. On the other hand, the least similar result is the FEA-NSM model which 
severely underestimates and overestimates the displacements of the model. The only benefit the FEA-NSM has 
over its counterparts is faster solution time. This severe discrepancy is expected due to the simplification of the 
model water as lumped distributed mass. The water as a solid model provides a viable option to treat water 
however the effect of sloshing was unable to be visualized due to water being confined to gridded elements.        
4. TREATMENT OF MASS BY TWO DIFFERENT MODELS  
The mass of a road barrier consist of mass of the plastic shell and water which it contains. A single unit of 
plastic road safety barrier can vary its weight anywhere between 30kg to 600kg. The coupled SPH/FEA model 
was optimized to become FEA/SPH/NSM model. This model was defined as coupled analysis utilizing SPH 
particles alongside traditional FEA combined with NSM. This FEA/SPH/NSM model has a unique advantage 
that it only uses full SPH for the barrier under the direct impact and uses NSM for other barriers. Therefore, this 
model can significantly save computational cost while still keeping simulation accuracy.  The objective of 
modelling water with FEA/SPH/NSM model is for fluid-structure interaction between the shell walls and water 
only at the impacted barrier. However, it was unclear whether it is beneficial to model water inside the barrier 
with respect to energy absorption if water is not the major focus of the study. Meanwhile, FEA-NSM model 
applies the mass of the water using NSM in all three road barriers. Water absorbs crash energy through sloshing 
action and inertial displacements. Modelling the barrier using FEA-NSM will only consider the inertial effects 
of water.  
A set of barriers with a range of fill levels using the FEA/SPH/NSM model were impacted with several impact 
velocities. The angle of impact was assigned to 25° relative to the barrier. Then, the simulations were repeated 
by FEA-NSM as water under similar input parameters. The energies dissipated by water from sloshing and 
inertial effects were able to be distinguished. The computational time and kinetic energy of the shell were taken 
as output parameters. Afterwards, the model was expanded to a larger scale and with an actual vehicle model.  
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4.1 Response of Road Barrier under Impact 
The objective of the simulation was to determine the errors involved between the two applied methods to treat 
water. Different fill levels at high speeds were use to extend the findings based on the validated model. The final 
lateral displacement and energy balance of the model were taken as output comparison. In the simulations, 
response of the barriers from 0s to 0.32s was recorded. The impact head was given a specific velocity-time 
relation. The velocity profile allowed the impact head to penetrate the road barrier over 30ms-1 duration at 
varying velocities. Then, the impact head was artificially stopped. The specific velocity-time profile was preset 
to prevent additional impacts after the first initial contact between the impact head and the assembled road 
barriers. Multiple impacts may add additional energy other than the initial instance of impact. The kinetic 
energy and lateral displacement distance of the centre road barrier were extracted for analysis. Figure 7 shows 
the head impacting the barrier in FEA/SPH/NSM model. Sloshing can be observed in the centre barrier when 
the impact head collide with the assembled PWFB.  
 
Figure 7: SPH/FEA interaction in FEA/SPH/NSM model of barrier impact at 80kmh-1 at 100% fill capacity 
Figure 7 depicts the impact of a row of three road safety barriers by the rigid body at 25° with a velocity of 
80kmh-1. The computational time of each simulation case by both FEA/SPH/NSM and FEA-NSM model were 
tabulated. The amount of time each simulation allowed to run was set at 12 hours using 3 CPUs; this means the 
solution could be run up to 36 computational hours. For all other fill levels, the models were unable to solve 
within the specified time. It is inferred that the computation would take longer than 36 hours to complete.  The 
increase in simulation time is related to the computation of SPH particles compared to other factors such as 
impact velocities or impact angles. The computational requirement of SPH to renormalize each particle in each 
time-step increases the computation duration of the model. The use of more CPUs can decrease the 
computational duration in the model. But this requires additional computational resources for the simulation. 
Furthermore, the introduction of multi-processor control cuts down the solution time. The multi-processor 
control allows the equal distribution of SPH calculation in the model by LS-DYNA when multiple CPUs are 
called upon to solve the numerical model.   
FEA-NSM solved faster than FEA/SPH/NSM model in PWFB. The use of FEA-NSM model to replicate 
FEA/SPH/NSM model can decrease the computation duration.  This justifies the option of modelling water 
inside of the barrier with FEA-NSM. In road safety barrier, the mass of water has the ability to absorb the 
energy through sloshing and inertial displacements. The use of FEA-NSM was intended to influence the 
displacement accounted by the water mass in the barrier and disregard the effect of water sloshing. The energy 
from the impact was distributed to the deformation of the MDPE shell membrane, sloshing of water, and 
movement of the road safety barriers.  The kinetic energy corresponds to the movement of road safety barriers 
and sloshing of water. On the other hand, the internal energy includes the elastic strain energy and work done 
for permanent deformation occurred in the shell membrane of PWFB. Kinetic energies of road barriers adjacent 
to the impacted one were minimal compared to energy on the central barrier hence were not reported. 
Deeper energy analysis was conducted on the FEA/SPH/NSM model. The graph plotted on Figure 8 shows the 
maximum kinetic energy of water over the range of tested impact velocity. It was found that the energy 
absorbed by water was related to the impact velocity. The sloshing of water in road safety barriers contributed 
very little in absorbing energy at low speeds (less than 50kmh-1). At low speeds, the kinetic energy exhibited by 
water was minimal for all tested fill level. Thus, 50% fill is adequate for impact speeds 50kmh-1 and lower. 
However, water does contribute to energy absorption at higher speeds. At speeds between 50kmh-1 -80kmh-1, the 
energy absorb by water are similar for fill level 80%-100%. Hence, water could be optimized at 80% fill 
capacity for efficient usage. On the other hand, additional water is preferred for impact velocity of 100kmh-1 for 
maximum energy absorption by water. Hence, 100% water fill level is recommended for high velocity impact of 
100kmh-1.   
The impact location was also another aspect which determines the effectiveness of energy absorption.  The point 
of impact is located 600mm relative to the ground. This equates to 66.7% of the road safety barrier’s height. It 
was observed that for effective energy absorption by water inside the container, the free surface of water must 
be higher than the impact location.  This is evident from Figure 8 which shows higher energy absorption for fill 
levels which were higher than the height of the impact head.  
 
Figure 8: Maximum energy absorbed by water over range of impact speeds 
The impact of the barriers at 80kmh-1 and 80% filled was chosen as example of optimal energy absorption by 
water. The summary of total energy absorption by the Barrier A is plotted in Figure 9. From Figure 9, the 
kinetic energy of water absorbed the most energy from impact. The Accident Severity Index (ASI) [50] as 
outlined in Equation 14 is the lateral kinetic energy from the impact, where m is the mass of the impacter, v is 
the velocity of impact and θ is the angle of impact. Furthermore, the kinetic energy in the Barrier A was lower 
compared to the energy required to deform the MDPE shell of said barrier. Therefore, the probability of shell 
membrane failure was definite. Based on the ASI with 300 kg impact head at 80kmh-1, the lateral kinetic energy 
the road barrier system needs to dissipate is approximately 13.2kJ. The contribution of water to dissipate energy 
from impact accounts for 15.1% of the overall kinetic energy dissipation. It must be noted that the percentage of 
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 ASI =  12 m(v sin θ)2 (14) 
energy absorbed by water diminishes if the mass of the impacter was increased to the mass of an actual vehicle. 
Hence, the minimal contribution of water to dissipate energy means other prudent methods to encourage 
redirection is needed in the structure of PWFB. Energy absorbing materials such as steel skeleton can be 
augmented to the PWFB outer membrane shell of the barriers for added strength. Nonetheless, while water lacks 
superior crash energy absorption capability in the system, it does provide resistance to motion that enable other 
energy absorption materials absorb energy [51]. Due to the nature of PWFB being a temporary roadside 
structure, no road barriers are fully fixed to the ground. Thus, resistance to motion displacement allows 
additional energy absorption by other materials prior to displacement of the PWFB system.   
 
Figure 9: Distribution of energy from impact for 80% filled capacity at 80kmh-1 
4.2 Estimation of Errors in Non-Structural Mass Application 
   
Figure 10 (i) Kinetic energy of shell membrane in both models tested; (ii) the lateral displacement of both models for 
impact of 80% filled at 80kmh-1 
Figure 10(i) depicts the kinetic energy of the shell membrane of the impacted road barrier. The maximum 
kinetic energy for both models was notably similar. Maximum kinetic energy occurred approximately at 0.03s 
when the impact head hit onto the shell membrane of the Barrier A. Kinetic energy of the shell membranes 
relates to the dissipated energy through movement of the PWFB. Furthermore, the strain energy recorded in 
FEA-NSM model yielded result close to FEA/SPH/NSM model. Figure 10(ii) shows the lateral displacement of 
the barriers after impact. Lateral displacement between both models varied all through the period of impact. 
Nonetheless, the lateral displacements of both models were different yet within acceptable proximity of one 
another throughout the computational duration. Treating water inside the barrier as a non-structural mass is an 
efficient way to achieve faster solution time. However, this simplification exposes the possibility of errors in the 
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system. The computational errors must be taken into account between the two models. For this study, the 
following error indicator eKE , shown in Equation 15 was defined as;  
 eKE(%) =  �𝐾𝐸𝑓𝑢𝑙𝑙 − 𝐾𝐸𝑠𝑝ℎ𝐾𝐸𝑠𝑝ℎ � x 100 (15) 
Where KEfull and KEsph is the maximum kinetic energy recorded from full FEA-NSM model and the 
FEA/SPH/NSM model respectively. As there are no SPH particles to absorb kinetic energy in the non-structural 
mass model, the maximum kinetic energy exerted to the membrane shell in FEA-NSM model will always be 
larger than the energy in FEA/SPH/NSM model. Hence, it is inferred that KEfull>KEsph throughout this study as 
depicted in Figure 10(i).   The two models with varied fill levels were used to simulate impact over a range of 
impact velocities from 30kmh-1 to 100kmh-1. Then, using Equation (15), the error between the results of full 
FEA-NSM model and FEA/SPH/NSM model were obtained and plotted in Figure 11.  
 
Figure 11: Velocity over the error for different fill level of the barrier 
As depicted in Figure 11, bigger error is introduced to the system at low impact speeds. An impact at 30kmh-1 
with 100% filled water shows the highest error percentage with 230% discrepancy error. Increasing the fill level 
would result in the increase of error for case between 30kmh-1 to 50kmh-1. FEA/SPH/NSM model takes into 
account the inertial displacement and sloshing of the water in the barrier while the FEA-NSM model functions 
as a surrogate to water’s inertial response in the road barrier while excluding energy dissipation related to 
sloshing. Adding more water will increase the energy absorption capacity of water in the road barrier. However, 
because the level of water is limited to the size of the enclosure which contains it, water in the barrier has a limit 
to its energy absorption capacity. Based on the error recorded, the large discrepancies can be attributed to the 
sloshing of water which contributes to energy dissipation at low velocities. The large water excitation in 
FEA/SPH/NSM model but was unavailable when FEA-NSM model were employed.   
On the other hand, for cases at elevated impact speeds (80kmh-1 to 100kmh-1), the error is relatively small i.e. 
between 3% to 14%. This is beneficial considering the reduction in computational-time from the simplification. 
The increase in impact velocity means an escalation in the energy involved in the road barrier system. Based on 
the Conservation of Energy, the energy in the system can be described to be the summation of all energies 
which consist of the energy to deform the barrier, energy to displace the barrier, energy to slosh the water and 
the energy remaining in the impact head. As the impact energy increases, the inertial displacement effect is more 
dominant than sloshing in the barrier. This can be seen when the error for all fill levels converges as impact 
velocity increases. In other words, the larger the error between the two models, the more evident the role of 
water sloshing has in the system of barriers. Thus at high speeds, the assertion that inertial displacement of 
water functions as the dominant energy dissipater over sloshing in PWFB is acceptable.  
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The above findings can also be discussed with respect to impact time. At low speeds, the impact force from the 
impact head to the barrier is transferred over a period of time. This allows water sloshing to be fully developed 
inside the barrier. Subject to the amount of water available in the barrier, energy is dissipated when fully 
developed sloshing is achieved. In contrast, high speeds impact involves larger impact force being applied over 
a shorter time period. This prevents water from reaching its full sloshing phase in time for energy dissipation. 
As a result, most of the energy is directed to the inertial displacement of water and the road barrier. The inertial 
displacement of water and barrier is reflected by the kinetic energy in the barrier.  
The treatment of water by two distinct models allows the study to determine the energy being mutually yet 
independently dissipated by water through sloshing and lateral displacement. Moreover, the information 
presented in Figure 11 allows researchers to determine the suitable method to treat water inside PWFB. For 
example, it is advisable to use the FEA/SPH/NSM model with high water fill levels (80% to 100% fill) for better 
accuracy. The FEA-NSM model was unable to capture the sloshing effects which occurred during low speeds-
high fill levels impact cases. However, the FEA/SPH/NSM model requires more computational cost. On the 
other hand, if the fill level is less than 50% fill capacity, the application of full FEA-NSM method is a viable 
surrogate option with acceptable errors in the analysis. Besides that, based on the intensity of the impact 
velocities, FEA/SPH/NSM model yields better simulation accuracy and suitable for cases with low impact 
velocity (less than 50kmh-1). Meanwhile, FEA-NSM model is more computational efficient for velocities 
ranging between 80kmh-1 to 100kmh-1. Hence, future researcher may choose the methods used to treat water in 
PWFB based on water fill levels and vehicle impact speeds.  
5. EXTENDED FULL SCALE ROAD BARRIER SIMULATION 
Based on the results obtained from the comparative analysis of impact on a set of three road safety barriers, the 
data presented good error to benefit ratio with respect to computational time. Further study is required to see the 
applicability of FEA-NSM model as a surrogate to the coupled SPH/FEA full model in a vehicle-barrier impact 
simulation. The FEA/SPH/NSM model was reverted back to coupled SPH/FEA model. The optimized model 
was reverted to see comparison of models exclusively using SPH/FEA and FEA-NSM. The comparison of the 
models to one another is done to determine the efficiency of each model in replicating the vehicle-barrier 
impact. Further optimization using FEA/SPH/NSM can be done in future once the extent of the vehicle contact 
with the barrier is determined.  
In this section, a full vehicle impact at 80kmh-1 and 25° angle in accordance with the Manual of Assessing 
Safety Hardware (MASH 08)[43] was generated to demonstrate the performance of the coupled SPH/FEA 
modelling approach in PWFB. Thirteen barriers were created and placed adjacent to one another to function as a 
single continuous section. The longitudinal length of the set of barriers was 26 meters long with each segment of 
barrier being 2m in length. Each road barrier was filled with 80% water capacity equivalent to 430 kg/m in the 
road barrier system. Furthermore, adjacent barriers are connected with one another using simple shell plates to 
simulate a pin-joint mechanism. MDPE material properties of the barrier and water are assigned as previously 
used. For fluid-structure interaction, water particles were generated in the barrier. Subsequently, non-structural 
mass with equivalent water mass were assigned later in the reiterated model.  Similar requirements of particle 
penetration treatment were needed in the extended full scale road barrier model. The simulated time 
displacement histories of both techniques were compared.  
 
Figure 12: Water sloshing inside road safety barrier at 80 kmh-1 
Figure 12 illustrates the sloshing of water inside the barrier and redirection of the vehicle as required by current 
standards when it is impacted by the vehicle. The response of the barrier-vehicle subjected to the impact is 
observed to be similar for both cases. The dynamic responses of water through sloshing and splashing can be 
observed based on the movement of the water inside the hollow rectangular shell. For the first time, the sloshing 
of water inside a water-filled barrier is numerically depicted in a full scale vehicle-barrier impact model.  
The graph plotted in Figure 13 depicts the displacement-time history of the farthest displaced barrier from both 
models in the extended full scale simulation. Although it can be argued that the response of the vehicle and the 
barriers are due to other factors such as the design of the barrier or stiffness of the joints, the lateral 
displacement of the barriers suggest that the effect is mostly attributed to the mass of the barrier. Arbitrary nodes 
on the barrier with the largest lateral displacement were chosen from both models and the displacements of 
selected nodes were plotted over time. The average error encountered between the two models is calculated to 
be 5.4%. This error correlates with earlier finding of the model with three barriers which had a 5.00% error for 
the given speed and fill level. Hence, FEA/SPH/NSM model in PWFB is a viable option to be used for full 
vehicle-barrier impact models when fluid-structure interaction is not a subject of major interest in the study. 
 
Figure 13: Displacement time histories of maximum lateral displacement of barriers 
On the other hand, for those interested in the responses of the barrier under multiple parameters such as 
variation of fill levels, impact speeds and impact angles, treating water with full FEA-NSM model will allow an 
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alternative over the coupled SPH/FEA model for rapid analyses of the barriers performance under varying 
parameters. It is recommended that water mass be treated using a non-structural mass for velocities higher than 
80kmh-1. However, SPH/FEA full model is still the best method to treat water in PWFB impact and necessary 
for lower velocities cases for all fill levels. Alternatively, the combined model utilizing FEA/SPH/NSM model 
can be used to optimize SPH usage in the model. However, the extent of SPH in which barrier needs to be 
ascertained for a middle-of-the-road solution which inculcates accuracy and computational cost efficiency in the 
model.  
6. CONCLUSION 
Current PWFB requires water to be filled to ensure they are stationary after installation. There are no standards 
on the amount of water that must be filled in a barrier. The role of water in PWFB is mainly to increase the 
weight of the barrier and the energy absorbing capability of water in PWFB are often overlooked. There has 
been no work conducted to numerically visualize fluid-structure interaction in full vehicle-barrier impact 
simulation in order to see the benefits of filling water in the barriers. This study investigates the viability of 
modelling fluid-structure interaction in PWFB.  
In summary, the fluid-structure interaction in PWFB where the structural response of the barrier shell is highly 
non-linear was modelled by full coupled SPH/FEA. This paper demonstrates that the approach can be extended 
to full-scale vehicle impact simulation through appropriate management of SPH/FEA at the interface region. 
Symptoms and treatments associated to particle penetrations in coupled analysis have been identified. Moreover, 
several techniques of generating SPH particles inside a hollow section were explored and discussed. Then, full 
FEA-NSM was invoked to replicate the water mass in the barriers to simplify the model. An optimized 
FEA/SPH/NSM model was employed for comparative analysis with full FEA-NSM model. The sloshing and 
inertial effects of water in the barrier under identical impact parameters using two different methods were 
presented. Findings from this research will enable future researchers to substitute SPH particles with non-
structural mass for water if required. Therefore, the below conclusions can be drawn 
• The use of FEA-NSM to treat water in PWFB can be a useful method if the fluid-structure interaction 
is not the major focus in PWFB study.  
• For high impact speeds (higher than 80kmh-1), inertial effects of water are more dominant than the 
sloshing effects of water in the barrier regardless of fill level; thus it is advisable to conduct the 
simulation using FEA-NSM for PWFB impact analysis at high speeds. 
• At low speeds ranging between 30kmh-1 to 50kmh-1, the effect of sloshing significantly contributes to 
the energy absorption of the barrier through fully developed sloshing. Hence, modelling fluid-structure 
interaction with SPH/FEA full model is recommended.  
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